The frontline chemotherapy used for treatment of several forms of cancer is doxorubicin, which is required to be lyophilized due to its limited storage stability. Results from differential thermal analysis/ impedance and freeze drying microscopy determinations, signifies that the freezing step product temperature must be well below -59.8°, while throughout the primary drying stage product temperature at sublimation front cannot exceed -19.7°. The use of a procedure based on the critical parameters allowed freeze drying of doxorubicin laboratory scale batches that would help to reduce process cycle time, energy and costs at commercial production.
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Doxorubicin hydrochloride (DOX) is an antineoplastic drug effective against lymphoma, carcinoma and various sarcomas [1] . It is very stable at room temperature in the solid state and has been found to be unstable in solutions with loss in potency. DOX degradation has been reported when stored for three months at 60° [ 2] . Various types of DOX formulations are available commercially but pharmaceutical problems make it complicate to use. Slow and incomplete dissolution upon reconstitution make some of these formulations unsuitable to be used with safety. DOX is inactivated via various pathways [3] [4] [5] . Shelf life of DOX can be enhanced by lyophilisation by several folds. The lyophilized DOX is reconstituted with solvent and bulk dosages are stored for further use. The reconstituted solutions are stable only for a period of 48 h. However, it is recommended that the solution be stored at 2-8° in a refrigerator, and used within 24 h.
Lyophilization is a freeze-drying operation used for long-term stabilization of actives degrades in water and sensitive to higher temperatures. The benefits of the process include extended shelf life and cheaper storage and transportation costs relative to the liquid form of the product [6] . It is comprised of freezing, sublimation (primary drying), and desorption (sec ondary drying). Lyophilization stabilizes the drug in formulation by slowing down the degradation process. It modifies the nature of materials by eliminating the solvent component to level that it no longer supports chemical changes to occur. Solvent removal is accomplished by freezing the formulation and immobilizing any solvent in the interstitial region between the crystals. The crystal microstructure formed during freezing determines the final quality of the material and lyophilizate struc ture. Ice is further eliminated by sublimation dur ing primary drying and is continued until all of the ice surrounding the interstitial space is removed [7] . This step requires decrease of the chamber pressure below the ice vapour pressure in the sublimation front. The bound water remaining in the structure at the end of the sublimation step (≈10%) is eliminated in the secondary drying step. This last step is performed at higher temperatures to guarantee that water is desorbed through diffusion from the structure [8, 9] .
High development and manufacturing costs has made this process invariably reserved for 'high value' products [10] . Quality by design approach might significantly reduce both the product development time/cost as well as subsequent operational costs through a more rational design of the product and an optimised freeze-drying process. Shortening the process duration without compromising the quality of the final product is one of the major challenges during lyophilization [11] [12] [13] . Freeze-drying cycle design is mainly based on process and formulation variables. The determination of glass transition temperature helps to set freezing temperature of the product, collapse temperature for formulation determines the operational parameters during sublimation and the proper product characterization facilitates the ex ecution of a safe and efficient process [14, 15] . A variety of analytical techniques were available to estimate the heat and mass transfer rates in the drying chamber and condenser to achieve such characterization [16, 17] . These techniques include gravimetric measurements, product temperature sensors and heat transducers, manometric temperature measurements, tuneable diode laser absorption spectroscopy, visual monitoring of the ice interface, differential scanning calorimetry (DSC), differential thermal analysis (DTA) and electrical impedance (EI), and freeze drying microscopy (FDM). DSC and DTA take advan tage of any physical change occurring in the structure of the lyophilized compound related to either an exo-or endothermic phenomenon. EI de terminations (Zsinφ; kOhms) provide evidences on matrix mobility relative to temperature. FDM allows the real time observation of the matrix at microscopic level during the entire process and thus regarded as the genuine technique to determine the collapse temperature of the structure. Although these techniques have advantages and limitations, their combination is essential to determine the critical temperature values that guarantee the quality of the lyophilizate obtained to achieve reliable lyophilization rates [18, 19] .
The present research work was aimed to design the lyophilization process of the DOX. This article provides a brief insight on the applications of DTA, EI and FDM technology in the characterization of the lyophilization process, using a placebo formulation containing lactose as cryoprotectants and DOX formulation along with components of placebo formulation in distilled water. The main focus of this article is determination of the end points of the freezing and the primary drying process.
MATERIALS AND METHODS
The following materials were used in the formulation: DOX hydrochloride (Intas, India), lactose (HiMedia, Mumbai), polyvinyl pyrrolidone K30 (Sisco, India) and sodium dihydrogen phosphate (Merck, India 
Electrothermal analysis (DTA/Zsinφ):
The following materials were used in the formulations for electrothermal analysis. Placebo formulation: lactose 100 mg/ml, polyvinyl pyrrolidone K30 3 mg/ml and sodium dihydrogen phosphate 15 mg/ml. Drug formulation: DOX hydrochloride 4 mg/ml and lactose 100 mg/ml, polyvinyl pyrrolidone K30 3 mg/ml and sodium dihydrogen phosphate 15 mg/ml.
Lyotherm2 has been designed to measure critical temperatures of freeze-drying formulations. The use of impedance analysis for the measurement of a derivative of impedance known as "Zsinφ" or "kΩ" provides information about behaviour of the frozen solute phase, which in most cases is not identifiable using conventional analytical techniques [20] . Temperature (DTA) and impedance (Zsinφ) analyses was performed in a Lyotherm2 equipment (Biopharma Tech nology Ltd, Surrey, UK), consisting of Lyotherm2 as main component of the system. DTA and Zsinφ sensors were immersed in the cuvette containing the samples (DOX formulation) and the reference substance (distilled water), kept in cool ing/heating block. In this 6 μl sample was filled in each of the sample holders. One of the samples was used for recording differential thermogram and another for recording EI. One probe was kept in reference holder, which contained distilled water and second probe kept in block. Cooling was achieved by filling liquid nitrogen in reservoir tank. Upon filling the sample and reference solutions the block was kept in reservoir tank and the recording was started using the Lyotherm2 software. The cooling started up to -90°, followed by block pulling upward in tank and the heating was started at 2°/min. When the temperature reached 0°, recording was stopped and the data was taken on excel sheet to plot the graph. The Zsinφ determination was made while heating. Data acquired using Lyotherm2 program was pro cessed using Microsoft Excel 2010 for ensuing analysis. The Lyostat2 graph shows a sharp change in temperature/ impedance indicating sample collapse [20] .
FDM:
Lyostat2 is a fully integrated FDM that enables to determine product structure collapse and melting in situ, as well as identifies the time and temperature of skin or crust formation [20] . The system comprises of a polarizing microscope and a vacuum tight temperature controlled stage called micro-freeze dryer. To investigate the freeze dried behaviour of a placebo formulation and the effect of DOX incorporation, 2 μl placebo formulation containing lactose, sodium dihydrogen phosphate and polyvinyl pyrrolidone K30.
The process of FDM began with loading a sample into a stage chamber under the microscope followed by lid closure. The amount of placebo formulation required for Lyostat2 is 2 μl. Automatic precision cut spacers (brass platelets, height 0.025 mm) controlled thickness of the sample layer. Liquid nitrogen used for cooling attains a standard lowest freezing temperature (-60°). The compositions under investigation were frozen to -60° between quartz cover slips in the freeze dried stage of Lyostat2, without annealing. The sample was cooled up to 35° at the freezing rate of 5°/min. At this temperature, a sample was held for 5 min to purge the system with dry nitrogen from the Dewar through the open valve. Prior to sublimation, sample was held at the lowest freezing temperature to attain equilibrium for 5 min. The vacuum pump was used to dry the sample. The freezing and drying behaviour of sample was determined visually. A controller computer system captures images and related data. Micrographs were recorded using a video camera at 150x magnification. Throughout the entire cycle pictures were taken with the delay of 10 s using a digital fire wire camera (resolution 1.3 megapixels) and analysed using the Lyostat2. The pressure is controlled well below 0.02 mBar. The saved pictures were compared using custom-made supporting software. Software supplied with Lyostat2 allows control over the freeze-drying, displaying and recording temperature and vacuum readings.
The investigation of thermal properties of a formulation component was done by determining collapse temperature using Lyostat2. All the above information is useful for screening formulation components if required and for the cycle development.
Methodology for designing the lyophilization process:
The critical temperatures obtained for placebo formulation from DTA/EI and FDM studies were applied for the freeze drying of DOX formulation. Accurately measured 2 ml solutions were filled in 5 ml glass vials. The vented rubber closures were positioned as half-closed. The solutions were frozen at -35° for 4 h in deep freezer (Polar 530V, Angelantoni Industries India). The pre-frozen vials were freeze dried in Heto LyoPro 3000 at shelf temperature of -25° and pressure 0.016 mBar, for 96 h (condenser temperature: -50°). The freezing and sublimation safety tempera tures were determined according to the results obtained in characterization studies (DTA/EI and FDM). These temperatures were set at approximately 5° below the previously determined collapse temperature.
The shelf temperature and the chamber pressure remain steady during sublimation drying. Since equipment used has no manomet ric temperature measurement facility; the temperature of the shelf was set to a value similar to collapse temperature. This was to assure that the collapse temperature could not be surpassed during sublimation. Chamber pressure was determined by putting values in equation reported in literature [21, 22] . The calculated value was con trolled by injecting dry air into the chamber. Product temperature was sub stituted by freezing and sublimation safety tempera tures, to obtain an optimum pressure to guarantee the safety and efficiency of the process [22] .
Secondary drying was performed by heating the shelf at a 0.5°/min until reaches 25° and that value maintained until the temperature of product surpassed 15°. Subsequently, based on results obtained in previ ous studies of accelerated stability of the DOX, shelf temperature was increased to 35° [ 23] . No significant changes were detected in the performance of the system under screening. The chamber pressure was set below 0.02 mBar during this step. The freeze dried products were protected from environment, light and moisture. At the end of cycle design, a confirmation run was conducted to ensure that the new cycle produces acceptable product and runs flawlessly. A full dryer (3 shelves) loaded with both the DOX and placebo formulations was processed. All the DOX vials were inspected for any physical defects such as collapse, meltback and shrinkage.
Cake appearance:
The appearance of the freeze dried product cake was inspected visually for its structural integrity and pharmaceutical elegancy.
Residual moisture:
The residual moisture level in freeze dried products was determined by using a Karl-Fischer titrator (VeegoMatic MD). Accurately measured 20 ml anhydrous methanol was transferred to the titration vessel and titrated to the endpoint. Karl Fischer reagent was standardized using 10 μl of distilled water. Randomly 3 vials were selected and accurately weighed 5-20 mg samples from each vial were separately suspended in anhydrous methanol and titrated to the electromagnetic end point.
Reconstitution time:
Reconstitution time of the lyophilized products was obtained using Thiermann method. Each sample was reconstituted with 2 ml water for injection, IP. The vials were shaken horizontally at a distance between 6 inches on hard surface to form the solution. The vials were visually inspected to measure reconstitution time with absence of any visible aggregates.
RESULTS AND DISCUSSION
FDM and DTA/EI techniques determine collapse temperature quickly and accurately in less than one hour. Performance and efficiency of these methods was compared with conventional methods used to design lyophilization cycle. Generally, product during lyophilization in vial collapses at a slightly higher temperatures. The collapse temperature is solute concentration dependent and the effect is insignificant in systems with low solutes due to rapid sublimation [24] . To minimize the variation, the collapse temperature measurements by FDM were conducted with solute concentrations comparable to the concentrations conventionally used. The observed collapse temperature is the highest allowable product temperature during sublimation in primary drying. The lyophilisate structure collapses if the product temperature exceeds highest allowable temperature during this stage.
The impedance of placebo formulation recorded using Lyotherm2 showed sharp change in curve at -8° with complete lyophilisate structure collapse at -3°. The result of impedance (Zsinφ) determination of the DOX formulation run on Lyotherm2 ( fig. 1) shows that as heating progresses a shift in the slope of Z heating curve (impedance) occurs due to softening event at T1 (−70.7°), which has no counterpart in DTA and must thus be minimally thermal (or isothermal) in nature. At T2 (-59.8°) there is a sharp decrease in impedance indicates rearrangement of frozen structure. After T3 (-57.0°) impedance decreased consistently indicating structure stabilisation. The negative inflexion at this temperature demonstrates the destabilization of the matrix but in this case it seems to have no in fluence on lyophilization parameters. There was no recrystallization of any of the DOX formulation com ponents. Since T2 (-57.0°), the temperature steadily increased indicating increased interstitial mo bility until the structure collapse is reached at T4 (-5.0°). The minimum impedance at T5 (−1°) indicates fusion of solute structure. Incorporation of DOX in formulation shifted collapse temperature towards zero by 3.0°.
The DTA thermograph of placebo formulation showed endothermic peak at −8.0°. The DTA thermogram of DOX formulation lyophilizate run on Lyotherm2 ( fig. 2) showed that at T1 (-5.0°) starts an endothermic pattern indicating a phenomena related to the destabilization of the frozen crystal structure. The perfectly defined endothermic peak initi ated at T2 (-1.0°) indicates the start of matrix structure fusion.
The pictures of placebo formulation captured during FDM (Lyostat2) using FDM indicated no structure collapse up to −8°. The DOX lyophilizate pictures ( fig. 3 ) captured during FDM studies shows start of structural morphology modifica tions. Status of collapse temperature determination during freeze drying of the placebo and DOX formulations under Table 1 . In the lyostat2 analysis of both types of formulations drying front progressed at high speed with no product collapse up to -20.0°, material got completely dried below -19.7°. This type of phenomenon resulted due to absence of any water mo bility in the matrix [25] .
The DOX lyophilizate structure collapse was detected at temperatures lower than T3 ( fig. 1) and T1 (fig. 2) , which is rational because such values correspond to possible destabilization of the frozen material. The Z heating and DTA heating graphs showed two clear effects that illustrate the synergy between EI and DTA. The glassy tran sition of the matrix is the temperature at which the frozen material progressively softens because of the increased mobility in the interstitial zone of matrix [7] . The glass temperature (T g ) value is of the same magnitude, being within the range as reported in the literature in respect to collapse temperature, considering that DTA curve shows the start of an endothermic pro file at T1 (-5.0°) differing in 3° from collapse temperature (-2.0°) [26, 27] .
Based on previously discussed placebo and DOX formulation FDM/EI results, the freezing temperature of the product was set to -30.0°, with a margin of 29.0° below collapse temperature. The shelf starting temperature was set to -45.0°, with a decrease in temperature at speed of 1.0°/min. When the product reached values be low -30.0°, the shelf temperature was increased up to -35.0° to stabilize the matrix in the desired temperature range. This was followed by a 1 h stabilization period prior to begin the sublimation [6, 28] .
In order to avoid surpassing the previ ously established collapse temperature value during primary drying the shelf temperature was set to -25.0º. In reality, Lyostat2 studies, along this step the temperature of the products re mained below the freezing and sublimation safety temperature (-5.0°). The chamber pres sure 0.16 mBar was kept within the range 0.14-0.18 mBar by injecting dry air in the chamber. The end of primary drying was determined by detecting the change in the slope of the curve of temperature values, which were close to the set shelf temperature [29] .
The secondary drying product temperature was set on the basis of thermal stability data obtained from the initial data reviewed [30] . Thus, this final step of lyophilization was carried out at a shelf temperature of 35°. Chamber pressure and condenser temperature were used to determine the end of this process. Once chamber pressure falls down below 0.06 mBar and condenser temperature below -50°, the chamber pressure change test was performed at 1 h interval. The process was regarded as complete when the pressure difference was <0.01 mBar/min.
The information gained about critical parameters associated with the lyophilization cycle design indicated the increase of the freezing temperature by 5°, shortening the dura tion of this step (Table 2) . Shelf temperature increased during primary drying reached -30° and the chamber pressure to 0.16 mBar. The whole duration of the lyophilization cycle (Table 3) as designed in dealing to determine formula tion critical variables, was of 9.5 h, 34.5% shorter than the duration of the previously established "trial-and-error" method reported earlier [30] . New process cycle designed based on optimized critical parameters supports an increase in the production capacity, making able to execute bonus for processes in the same time compare to conventional ones. DOX formulation lyophilized using the newly established critical pa rameters complied with quality specifications. The organoleptic irregularities in lyophilized product are associated with alterations during process due to stresses. The physical appearance of the lyophilisate showed red porous cake (pill) of regular edges and structures de void of cavities or deformations. The porous dried solid dissolved immediately, leading to a clear solution with no solid particles. The length of the secondary drying stage depends on the desired residual moisture content. The percent resi dual moisture was lower than 3%. The DOX content determined using HPLC was within the established limits.
Presently no other technique than DTA/impedance and real time FDM using Lyotherm2 and Lyostat2 is specifically designed to analyse the liquid frozen state of the freeze drying process. The results of the combination of real time DTA/Zsinφ and FDM techniques indicate that incorporation of DOX shift collapse temperature towards zero by 3.0°. Freezing of DOX formulation has to be carried out at temperatures below -30.0º and sublima tion up to -5.0º, for its accurate and flawless lyophilization. The lyophilized products obtained with the new lyophilization cycle complied with quality specifications, achieving a 35% reduction in the overall cycle duration. 
